The ISO-SWS spectrum of planetary nebula NGC 7027 Salas, J. B.; Pottasch, S. R.; Beintema, DA; Wesselius, P. R. Take-down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim. Abstract. We present the infrared spectrum of the planetary nebula NGC 7027 observed with the Short Wavelength Spectrometer (SWS), on board the Infrared Space Observatory (ISO). These data allow us to derive the electron density and, together with the IUE and optical spectra, the electron temperature for several ions. The nebular composition has been determined, the evolutionary status of the central star is discussed and the element depletion in the nebula is given. We conclude that the progenitor was a C-rich star with a mass between 3 and 4 M .
Introduction
NGC 7027 is a well known planetary nebula. It is very young, dense and has an extremely rich and highly ionized spectrum due to its hot central star. The nebula has some features that makes it very interesting. The rich spectrum has been used several times to give insight about the evolution and original status of its central star. For this purpose accurate abundances are needed, and the distance, in order to know the intrinsic luminosity, has to be accurately measured. Abundance studies have been made before, but using the near-infrared SWS-ISO data the temperature uncertainty can be avoided as well as other problems, therefore achieving an accurate measurement of the nebular abundances. These ISO advantages are presented by Pottasch & Beintema (1999) and we summarize them here:
1. Extinction effects are absent from most of the spectrum in contrast to the visible and UV spectra; 2. Many stages of ionization are observed, reducing strongly the need for uncertain corrections for unseen stages of ionization; 3. Electron temperature fluctuations, or uncertainties, are much less as important than in the optical or ultraviolet spectra. The infrared lines originate from levels so close to the ground level, that to populate these
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In the second and third sections of this paper the observations and main reduction techniques are described. Data on the infrared lines are listed in section four while the visual and ultraviolet lines used are given in section five. In the sixth section the electron temperature and density as well as the ionic and element abundances are derived. These results are discussed in section seven and the abundances are compared with an evolutionary model in an attempt to derive the mass of the progenitor star of NGC 7027.
ISO observations
The data were obtained in the ISO guaranteed time in spring 1997. The observations were made with the Short Wavelength Spectrometer (de Graauw et al. 1996) covering the range 2.38 to 45.2 µm, using the SWS01 observing template, which provides a spectral resolution from 1000 to 2500. From all NGC 7027's observations, the one used in this paper (TDT number 55800537) was chosen because of its highest signal to noise ratio. NGC 7027's infrared size is sufficiently smaller than the different sizes of the apertures used with SWS to offer no problem. A VLA radio image of NGC 7027 at 14.7 GHz obtained by Roelfsema et al. (1991) clearly stays within the ISO-SWS small aperture 14 × 20 . The other SWS apertures are larger, 14 × 27 , 20 × 27 and 20 × 33 . They are all centered at almost the same position within an uncertainty of 3 . Persi et al. (1999) studied the infrared size of NGC 7027 using spectral images taken with the ISOCAM-CVF, showing that it has an ellipsoidal morphology of about 9 ×11 . This is again within the smallest ISO-SWS aperture. Persi et al. (1999) measured the spectra over an area of 25 square arcsec that with no doubt contains the whole nebula. A comparison of present fluxes with those found by Persi et al. (1999) is shown in Persi et al. (1999) , indicating that no flux is being lost in the present observations. Strong differences in both measurement are probably due to the poor spectral resolution of the ISOCAM-CVF in comparison with the SWS, and therefore the latter are more accurate. The extremly high flux of [Ne vi] measured by Persi et al. (1999) is wrong because it is blended with a PAH feature. No contributions from the outer parts of the nebula are expected since the gas is cold and therefore the whole flux is seen in each aperture. For all these reasons no aperture correction for the infrared lines is needed.
The IUE observations were taken at almost the same position as our observations. The aperture of the IUE is an ellipse of 10 × 23 very similar to our smallest aperture. It therefore contains the whole nebula. The optical lines were observed with a very small aperture on the bright part of NGC 7027 and represent a part of the nebula. We assume that they are representative of the entire nebula. Using the entire H β flux, they are scaled to the total flux. We avoid here making any aperture corrections because these are expected to be small if they exist at all.
Data reduction
The data were reduced using the available tools in the inter-active analysis software package distributed by the SWS consortium. Our reduction differs from the standard pipeline in the removing of fringing in the data, and a better flatfielding. Any step in the reduction analysis which could affect the spectral resolution or the linearity of the data was avoid. Line fluxes were measured fitting Gaussians to the observed line profiles using the routine multi fit. It allows removal of glitches or bad data interactively in each line. This was rather time consuming, but the weakest lines were found and the highest possible resolution kept at each wavelength.
The reduction didn't present any problem except in the first part of band 2c (7 to 12 µm) where the up and down scans deviated significantly from each other, but matched in the rest of the band when flatfielding was applied. This doesn't affect the measured fluxes but could be important when reasonable upper limits to some lines are determined, as explained in next paragraph. This was caused by some detectors (19, 20, 21, 23 and 24) which suffered from erroneous dark current subtraction. The range 7.3 to 7.6 µm was affected. These detectors were removed. A reference flat (order one) was defined using the remaining detectors and applied to the whole band. Flatfielding reduces the mismatch and then all detectors could be used to measured line intensities.
It is useful to compute an upper limit to the flux for some unseen lines. For this purpose, outlying data points were removed with the sigclip tool and the spectra were rebinned (sws rebin tool) to a standard resolution. Upper limits for the lines [Cl iv] 11.76 µm, [Na vi] 8.61 µm, [K vi] 5.58 and 8.83 µm were calculated using a model of a synthetic Gaussian, with the width corresponding to the resolution, and a height of three times the rms (deviation from the average). These upper limits of unseen lines allow to more accurately apply the ionization correction factor for the relevant ions.
Line flux discussion
In Table 2 NGC 7072's spectrum is extremly rich as can be seen in Fig. 1 . The hydrogen and helium lines are abundant in the whole spectrum but specially in the range 2.4-5.5 µm. Ions with high stages of ionization are found (i.e. Fe vii, Na vii, Ar vi) in the nebula. Nine molecular hydrogen lines (H 2 ) have been measured as well and probably originate in the outer part of the nebula where the temperature is lowest. For Ar, K and specially Ne we have information for the most important stages of ionization implying that the uncertainty in the ionization correction factor (ICF) used to derive the absolute abundances will be much reduced. Several stages of ionization of some ions were not observe. Then, an upper limit to the flux was determined, as described in the previous section. Also noticiable in the spectrum is the strong continuum at the longest wavelength and the features at 3.3, 6.6, 7.7, 8.8 and 11.2 µm now known as PAHs as well as a broad PAH plateau from 15 to 20 µm. In this paper we will concern ourselves only with the emission lines. A detail study of the PAHs and the plateau can be found in the articles by Peeters et al. (2001) , Hony et al. (2001) and Van Kerckhoven et al. (2000) .
The visual and the ultraviolet spectrum
In addition to the large number of infrared lines measured, also some optical and ultraviolet lines were used taken from the paper of Keyes & Aller (1990) . The information on such important ions as C, N, O is mainly derived from optical and ultraviolet data. The lines used are listed in Table 3 . To correct optical fluxes for interstellar extinction a value of C = 1.25 (where C = log(
) was used, which leads to an extinction of E B−V = 0.85. To calculate this the H β flux was computed in two ways. Using the equation given by Pottasch (1984) :
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where S ν = 5.7 Jy at 5 GHz (Baars et al. 1977) , t is the temperature of the nebula in 10 4 K and 2.82 10 9 is Table 6 . Also, the H β flux can be determined by comparing the infrared hydrogen lines of different series (presented in Table 2 ), with theoretical predictions given by Hummer & Storey (1987) for a black body case B at a temperature of 15 000 K and an electron density of 10 000 cm −3 . The results are shown in Table 4 . The average of these measurements leads to F (Hβ) = 1.27 10 −9 erg cm −2 s −1 . The Brα line observed (using no reddening correction) is the strongest and therefore has been most accurately measured. The value of F (Hβ) = 1.35 10 −9 erg cm −2 s −1 deduced from this line agrees with the one derive from Eq. (1) and was finally adopted. It is worth mention here that the theoretical predictions from Hummer & Storey (1987) are given just for N e = 10 4 or 10 5 cm −3 . Here a N e of 10 4 cm −3 is used but an N e = 10 5 cm −3 would lead to the same conclusions (F (Hβ) = 1.27 10 −9 erg cm −2 s −1 ). The optical lines were corrected for reddening using the extinction law of Fluks et al. (1994) and an extinction of E B−V = 0.85. A recent publication of Wolff et al. (2000) derives an extinction of E B−V = 1.10 for NGC 7027 by directly measuring the central star. This difference is difficult to explain and would considerably change the values of the dereddened fluxes. One possibility is that NGC 7027 shows variations in the extinction across the nebula (Wolff et al. 2000) . This can be higher towards the central star region than in the nebula itself. Wolff et al. (2000) give a summary of extinction 1 Values taken from Keyes & Aller (1990) .
2 Value taken from Keenan et al. (1999) .
determinations by several authors: Walton et al. (1988) find an extinction E B−V = 0.8 for the central star and < E B−V > = 1.02 for the rest of the nebula, Kaler & Lutz (1985) found 0.85 and Shaw & Kaler (1982) 0.94. According to Keyes et al. (1990) the UV lines have errors less than 20%, while the optical lines have errors below 50%. Here a 15% error is assumed for the UV, and a 40% error for the optical lines. Also the N iii infrared line at 57.3 µm from the Long Wavelength Spectrometer (LWS, 43 to 196.7 µm) has been used. It was taken from Liu et al. (1996) and was used to compare the abundance with that found using the ultraviolet line at 1750Å.
Analysis
Using the entire data set (infrared, optical and ultraviolet) the physical parameters (electron density and temperature) have been determined as a function of the ionization potential.
Electron density
An electron temperature of 15 500 K has been chosen to compute the density. This choice is justified in the next subsection. To determine the electron density (N e ) reliably, the ratio of lines close in energy level is needed so that the temperature hardly plays a role in populating these levels. Two ions, Ne iii and Ne v fulfil this condition. In addition the N e for C iii was calculated using ultraviolet lines (Keyes & Aller 1990 ). These measurements cover the ionization potential (IP) range from 23 to 97 eV. In order to have information on the N e for ions with low IP the values given by Keenan et al. (1999) for O ii, and Keyes et al. (1990) for S ii, Cl iii were used. All derived N e values are shown in Table 5 . Table 5 does not show a trend of N e with IP in the range 10 to 23 eV, but from 23 to 97 eV a trend appears when the value of K vi of Keyes et al. (1990) is used. In this range N e seems to drop from a value of 75 000 to 25 000 cm −3 . To compute abundances for each ion a N e is needed. Because many infrared lines are used, the N e is not critical, and the relative abundance of the ions do usually not strongly depends on it. N e was derived from the curve in Fig. 2 . Most of the ions are not N e dependent (only three ions show N e dependence, Ar v, O iv and Ne v). For this reason an average N e = 50 000 cm −3 was used to compute the electron temperature (following subsection).
Electron temperature
To compute the electron temperature (T e ) line ratios are needed originating from energy levels differing by several electron volts. Using optical data only two ions (N ii and O iii) obey this condition while using infrared and ultraviolet data, three others (O iv, Ne v and Mg v) become available as well. As can be seen from Fig. 3 these provide information on almost the whole IP range of interest. In Fig. 3 we present T e as a function of IP. The density used is 50 000 cm −3 (see previous section). There exists a correlation between T e and IP, such that T e increases until about 70 eV and then remains at a constant value of 15 500 K.
Some ions need a further discussion. O iv gives a higher temperature and this may be because the ultraviolet line at 140.0 nm is blended with Si iv. Only Ne V rather strongly depends on N e . For this ion the average density, N e = 50 000 cm −3 is used. Using N e = 30 000 cm −3 leads to a much higher T e of 22 400 K. The Ne iii ratio, 386.8 nm over 15.5 µm can, in principle, be used to derived T e . As noticed before by Pottasch & Beintema (1999) , it always gives a low temperature. In this study T e = 11 500 has been found using this ratio. This has been found in many nebulae, i.e. NGC 6302, NGC 6537. It is not clear why, but it may have something to do with the uncertainty in the atomic parameters and the 386.8 nm line has not been used in this paper. 
Abundances
In order to be able to compute abundances, values of N e and T e are needed for each ion. They are derived from the relations presented in Figs. 2 and 3 . Once the N e and T e are known the relative ionic abundances can be determined. Then, applying an ICF the element abundances are derived. Ionic abundances are normalized to hydrogen. The equation used to determine the ionic abundances is:
In the equation N p is the density of the ionized hydrogen; I ion /I H β is the measured intensity of the ionic line, normalized to H β ; λ ul is the wavelength of the line and λ H β is the wavelength of H β ; α H β is the effective recombination coefficient for H β ; A ul is the Einstein spontaneous transition rate for the line and finally N u /N ion is the ratio of the population of the level from which the line originates to the total population of the ion.
All abundance values are shown in Table 6 . The ICF is unity in four cases, because all important ionization states have been measured. In most cases it is between 1.0 and 1.25, and only in three cases is it above 1.25 (S, Mg and K with ICF's of 1.27, 2 and 1.35 respectively). In Keyes & Aller (1990) , the ICF is normally between 1.2 and 5, and only in a few cases is under 1.2. This shows that the present abundance determination is an important improvement. The ICF were calculated on a purely empirical basis. For a given element the ionization potential where the maximum ionic abundance is reached was taken into account. For some ions like potassium, no information on the high sixth stage of ionization was found, thus an upper limit on K 5+ was derived. As can be seen from Table 6 , the contribution of the K 5+ ion should not exceed 1.2(-8). The contribution of this to the element abundance was constrained. For Calcium and Iron the abundance has not been determined because important contributions from other stages of ionization are expected.
Si
+ gives almost the same ionic abundance as the Si
2+
ion. This is suspicious because of the low electron temperature needed to excite this ion, and it probably originates mainly from the photodissociation region outside the nebula since the Si + ion is ionized at a low potential (8.1 eV). Comparison with the nitrogen ions that have similar ionization potentials shows that N 2+ gives a major contribution, while that of N + is not negligible but lower than other ions. Silicon should follow the same behavior, and the Si + contribution is probably coming from the photodissociation region around NGC 7027 instead of from the nebula itself. These considerations lead to lower abundances of C and Si (see Table 7 ).
A comparison of these abundances with those found in the Sun, O-B stars, and those of Keyes & Aller (1990) and Middlemass (1990) is shown in Table 7 . The helium abundance agrees with the earlier results of Keyes & Aller (1990) and Middlemass (1990) . Carbon is abundant, with a value similar to that found by Keyes & Aller (1990) but lower than found by Middlemass (1990) . The model of Middlemass predicts a high abundance of all carbon ions, including C ii. The abundance of oxygen is lower than in the Sun. This has also been found for many PNe in the past (Aller & Hyung 1995) and is in reasonable agreement with Keyes & Aller and Middlemass. The nitrogen, neon, magnesium, silicon and argon abundances are in agreement with the other authors. The magnesium abundance is lower than the one found in the Sun but similar to that of the O, B stars, supporting the idea that this element is depleted onto dust. The same is true for silicon, its abundance is even lower than found in O, B stars. This element is a well known component of the dust and the missing silicon is probably in this form.
In Table 8 abundance ratios are compared with the Sun and O, B stars. The ratio of N/O is almost twice as high as that found in the Sun and O, B stars, while the C/O ratio is three times high. This means that nitrogen and carbon are over-abundant in the nebula and it is likely that some oxygen has been converted into nitrogen in the course of its evolution by the CNO cycle. This is supported by the fact that the (C+N+O)/H ratio is very similar to solar indicating a similar mass of the progenitor star of the nebula. The solar O is over abundant and could explain the difference in ratios.
Discussion
The derived parameters, electron density and temperature, are shown in Table 5 , Figs. 2 and 3 respectively. The ionic and element abundances of NGC 7027 are given in Table 6 .
Missing stages of ionization
Ionization correction factors were needed in the past to obtain the abundance of an element, when only one or a few stages of ionization were observed. These were used to estimate the contribution of these unobserved stages of ionization. These estimates were made using models, e.g. similarities on the ionization potential of some ions. Now, since the most important stages of ionization of several ions have been measured it can be checked how good the ionization correction factors, based on similarities in the ionization potential, are. There are two similarities introduced by Torres-Peimbert & Peimbert (1997) . One is:
Using the values given in Table 6 we find that Ne/O = 0.16 and Ne ++ /O ++ = 0.15. This is a very good agreement. Using the abundances for NGC 7027 given by Keyes & Aller (1990) a difference of 43% is found while using the abundances of Middlemass (1990) an agreement within 20% is found. The discussion becomes more problematic if, instead of using the 15.5 or 36.0 µm lines to compute the relative abundance of Ne ++ , the optical line at 386.9 nm is used. This optical line gives a high Ne ++ abundance, and the ratio for Ne/O and Ne ++ /O ++ is 0.26 and 0.4 respectively, that is a difference of a 35%. It seems that depending on the lines used the ratio agrees or not. The other similarity is:
We find N/O = 0.40 and N + /O + = 0.59, that is a difference of 32%. Other authors, i.e. Pottasch & Beintema (1999) found for this ratio in NGC 6302 a difference of 80%. This study indicates that ionization correction factors based on similarity in ionization potential are not well understood and should be used with caution. Keyes & Aller (1990) and they claim that it is blended with Si 3+ . Decrease of this flux leads to a lower ratio, decreasing the temperature. In our opinion it is uncertain that the O 3+ line is blended with the Si 3+ line because it is a stellar line and should be formed close to the star. As the central star of NGC 7027 is very weak in the ultraviolet because of dust absorption, the Si 3+ line will also be weak. The relation indicated in Fig. 3 is consistent with theory.
No trend of electron density with ions of low IP has been found, although it seems that there is a correlation of the density with ions at high ionization stages (high IP), where it seems to drop. This could mean that the ejection rate of the nebula in its latest stages was low because the highest ionization stages are reached close to the nebula and they give lowest density. This tells us that the mass presently being ejected is considerably lower than at an earlier stage.
Abundances with recombination lines
A new problem has emerged in the study of nebular abundances. For some planetary nebulae it has been found that ionic abundances deduced from recombination lines are higher than those derived from collisionally excited lines. In a recent publication by Liu et al. (2000) a deep study in this sense is carried out for the planetary nebula NGC 6153. They have found that the abundance derived form optical recombination lines are a factor of 10 higher than those derive from optical, UV or infrared collisionally excited lines. This difference is significant. Liu et al. (2000) discuss density inhomogeneities and temperature fluctuations as the possible cause of such discrepancy, concluding that the latter are unimportant. Using the recombination lines measured by Keyes & Aller (1990) for NGC 7027 we have derived the abundances shown in Table 9 . These abundances have been derived by scaling those found by Liu et al. (2000) . Although these lines give a somewhat higher abundance in the three cases compared, we do not regard this as significant and prefer to use the abundances found from the collisional lines. The great strength of the recombination lines in NGC 6153 remains a puzzle.
Abundances and progenitor
By comparing the abundances obtained with the semianalytical model of Marigo et al. (1996) , the mass of NCG 7027's progenitor star can be constrained. With the derived abundances of helium, carbon, nitrogen and oxygen (Table 7) we can compare NGC 7027 to the model. The model predicts the chemical composition of planetary nebulae for two metallicities, Z = 0.02 and Z = 0.008. In the literature no clue to the metallicity of NGC 7027 is found. Then the central star has to be measured and this is not trivial. Because of this, the problem can be inverted. A clue in the metallicity of the central star can be given by comparing the abundances derived with the different models of high or low metalicity and checking which one fits better. For this reason, the metallicity that better reproduces the NGC 7027 abundances was used (Z = 0.008).
As can be seen in Fig. 4 the model with a metallicity of Z = 0.008 constrains the mass of the star to be between 3-4 M . It is worth noticing that the model overestimates the prediction of the oxygen abundance with respect to the observational values. If the ratio C/O versus He/H or C/O versus N/O (where the overabundance of oxygen in the model is canceled) is considered, this leads to the conclusion that more carbon abundance is needed to fit the model. More studies concerning the carbon abundance and improvements in these evolutionary models are therefore needed.
Conclusions
A reliable infrared spectrum has been obtained ( Table 2) . This has been complemented with optical and ultraviolet lines in order to determine the physical parameters in the nebula, as well as to determine the abundances much more accurate than before. A correlation between electron temperature and IP has been found. Ions with high IP, that are formed close to the nebula, give high temperatures (around 15 000 K). Those with low IP, formed in the outer (coolest) parts give low temperature (see Fig. 3 ). No clear correlation of electron density with IP is found, although a tendency of density to decrease at high IP ion seems to be presented (Table 5 and Fig. 2) . The relative and element abundances for 18 ions have been determined and are presented in Table 6 . By comparing these abundances with the semi-analytical model of Marigo et al. (1996) at a metallicity Z = 0.008 we have constrained the mass of the progenitor star to be between 3-4 solar masses.
